Following cerebral ischemia, the synthesis of most mRNAs and their respective proteins de creases (Kleihues and Hossmann, 1971; Yanagi hara, 1978; Dienel et al., 1980 Dienel et al., , 1986 Nowak, 1985; Kiessling et al., 1986) . However, several groups of genes are induced by ischemia. These include mem bers of the heat shock and immediate early gene (IE G) families. Focal (Gonzalez et al., 1989; Li et al., 1992; Welsh et al., 1992; Kinouchi et al., 1993a,b) and global (Vass et al., 1988; Dwyer et al., 1989; Ferriero et al., 1990; Nowak et al., 1990; Gonzalez et al., 1991; Sharp et al., 1991 a; Simon et al., 1991; Blumenfeld et al., 1992) ischemia induces the hsp70 heat shock gene in brain. Though the pre cise role of hsp70 is unknown, it is believed to bind to denatured proteins (Anathan et al., 1986; Pel ham, 1986) and to protect the cell from subsequent injury (Pelham, 1986; Barbe et al., 1988; Lowen stein et al., 1991) . Other stress genes are also in duced by ischemia (Kawagoe et al., 1992) and may have different functions in injured, ischemic cells (Beckmann et al., 1990) .
Specific IEGs are also induced by global (Nowak et al., 1990; Popovici et al., 1990; Uemura et al., 1991a; Blumenfeld et al., 1992) and focal (Onodera et al., 1989; Abe et al., 1991; Uemura et al., 1991b; Gass et al., 1992; Kawagoe et al., 1992; Welsh et al., 1992; ischemia. The induction of fos (c-fos, fosB, fra1, fra2) and jun (c-jun, junB, junD) families of IEGs is mediated by many extra cellular and intracellular stimuli including neuro transmitters, peptides, growth factors, cyclic AMP, kinases, and calcium (Curran et al., 1987; Lamph et al., 1988; Ryder and Nathans, 1988; Arenander et aI., 1989; Bartel et aI., 1989; Curran, 1989, 1991; Guis et aI., 1990; Hisanaga et ai., 1990 Hisanaga et ai., , 1992 Sheng and Greenberg, 1990) . Accordingly, many types of stimuli induce lEGs (Dragunow and Robertson, 1987; Hunt et aI., 1987; Morgan et aI., 1987; Sagar et aI., 1988; Cole et aI., 1989; Morgan and Curran, 1991; Sharp et aI., 1991b) .
Proteins of the fos and jun families form het erodimers that bind to specific sites in the promot ers of the target genes called AP-l or cyclic AMP response element (CRE) sites Curran, 1989, 1991; Sheng and Greenberg, 1990) . This reg ulates expression of genes such as nerve growth factor, glial fibrillary acid protein, amyloid precur sor protein, tyrosine hydroxylase, preproenkepha lin, vasoactive intestinal polypeptide, cholecystoki nin, dynorphin, metallothionein, etc. (Sonnenberg et aI., 1989; Hengerer et aI., 1990; Sheng and Green berg, 1990; Morgan and Curran, 1991) . It is possible that ischemic induction of the lEGs produces long term changes in gene expression that could play a role in plasticity, programmed and delayed cell death, and other consequences of ischemic injury. Though it has been shown that there is marked in duction of c-fos, c-jun, and junB lEGs throughout the cortex following focal ischemia (Uemura et ai., 1991b; Gass et ai., 1992; Welsh et ai., 1992; An et ai., 1993) , the present study demonstrates promi nent subcortical induction of lEGs and hsp70 fol lowing permanent middle cerebral artery (MCA) oc clusion. These results suggest that widespread changes in gene expression occur outside regions of infarction following focal cerebral ischemia.
MATERIALS AND METHODS
Focal cerebral ischemia was produced by MCA occlu sion using an intraluminal suture without craniectomy. Briefly, male Sprague-Dawley rats (280-300 g) were anesthetized with 2 to 0.5% halothane and nitrous oxide/ oxygen mixture (70:30). The rectal temperature of the animal was maintained at 37°C with a heating pad. The left common carotid artery was exposed, and the external carotid and pterygopalatine arteries were ligated. A 4-0 monofilament nylon suture, blunted at the tip, was threaded into the internal carotid artery through the ex ternal carotid artery stump up to the anterior cerebral artery (Zea Longa et ai., 1989) . The whole procedure was performed within 10 min. Three controls underwent iden tical surgery except that the suture was not inserted (n = 3). Rats were anesthetized with ketamine (80 mg/kg) and xylazine (20 mg/kg) and decapitated at 1, 4, and 24 h following MCA occlusion (n = 5 for each time). The brains were removed, frozen, embedded, and stored at -70°C. Twenty-micron-thick coronal sections were cut on a cryostat at -20°C, collected on Probe-On Slides (Fisher), and processed for in situ hybridization.
In situ hybridization was performed using oligonucleotides. The probe sequences were as follows: hsp70 (30-mer) corresponding to amino acid residues 122-129 of human hsp70 (Hunt and Morimoto, 1985; Miller et ai., 1991); c-fos (45-mer) (Ryder and Nathans, 1988) . Each oligonucleotide probe was tested on Northern blots of brain poly(A)+ RNA and shown to detect specific transcripts of appropriate sizes (Curran et ai., 1987; Ryder and Nathans, 1988; Ryseck et ai., 1991; Hisanaga et ai., 1993) . The oligonucleotide probes were prepared by labeling with [35S]dATP (DuPont) using a 3' labeling system (Du Pont/NEN Products). Radiolabeled probes were purified using a Nuctrap push column (Stratagene). The slides were hybridized at 42°C for 18 h with 1 x 106 cpm of the 35S-labeled probes. After hybridization, sections were rinsed in 1 x SSC (150 mM sodium chloride/15 mM so dium citrate, pH 7.4) at 5SOC for 60 min with several changes of 1 x SSC, dehydrated, and covered with Kodak XAR-5 film for 3 weeks.
RESULTS

Mortality rates
In this series, the mortality rates at 1, 4, and 24 h of MCA occlusion were 0, 0, and 29% (two of seven), respectively.
Hybridization experiments
The changes in lEG mRNA hybridization were consistent among rats. hsp70 mRNA induction in the ischemic region (cortex and striatum of the MCA territory) was also consistent. However, hsp70 mRNA induction in regions remote from the infarction was variable among animals as noted.
The in situ hybridization auto radiographs demon strated low levels of expression for all of the genes in the brains of the control animals ( Figs. 1-4) . However, there were relatively high levels of c-jun mRNA in the dentate granule cells bilaterally and junB mRNA throughout the hippocampus bilater ally.
Some hsp70 labeling was detectable in dentate and CA3 in control rats. Concerning this hybridiza tion, it is suggested that (a) some hsp70 mRNA is detectable in normal rat brain (Longo et aI., 1993) , (b) the sham procedure could have resulted' in some induction of hsp70 mRNA in controls, and (c) most previous in situ hybridization autoradiographs, in cluding this one, have been performed with low sen sitivity oligonucleotide in situ hybridization.
Cortex
At 1 h following MCA occlusion, c-fos and junB mRNA were induced throughout all of the ipsilat- 
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. c-fos and junB mRNA in the cingulate cortex decreased by 24 h, whereas c-jun mRNA signifi cantly increased. hsp70 was not induced in the cin gulate cortex (Fig. 4 ) at 4 and 24 h.
Striatum
There was very little induction of c-fos, junB, or c-jun in lateral striatum at any time from 1 to 24 h following MeA occlusion (Figs. 1-3 ). The modest induction of hsp70 mRNA in lateral striatum at 4 h disappeared by 24 h (Fig. 4) . c-fos, junB, and hsp70 were induced in medial striatum and nucleus ac cumbens at 4 h and generally disappeared by 24 h (Figs. 1, 2 , and 4). There was slight induction of hsp70 (Fig. 4 ) and c-jun (Fig. 3) in the medial mar gins of the medial striatum. 1h 4h 24h
FIG. 3. c-jun mRNA in situ hybridization autora diographs of coronal brain sections from rats subjected to sham surgery (C, control, n = 5) or middle cerebral artery occlusions for 4 h (n = 5) or 24 h (n = 5). c-jun mRNA was induced mod estly in the ipsilateral cortex and striatum ex cept in the core of the ischemia and in the bi lateral dentate granule cells at 4 h. The signals in the cortex outside the infarct increased more at 24 than 4 h. in most animals returned to baseline. c-jun did not appear to be induced in thalamus (Fig. 3) .
Substantia nigra
The c-fos and junB genes were induced in sub stantia nigra (Figs. I and 2) at 4 h following MCA occlusion. hsp70 mRNA was also induced in sub stantia nigra in three of five rats at 4 h of MCA occlusion (Fig. 4) . These inductions disappeared by 24 h. c-jun did not appear to be induced in the sub stantia nigra (Fig. 3) . neurons in ipsilateral hippocampus at 4 and 24 h (Fig. 1) . junB was induced in the same cells bilat erally in hippocampus at 4 and 24 h (Fig. 2) . c-jun was induced to a modest degree in dentate granule cell neurons at 4 and 24 h (Fig. 3) . hsp70 was mod estly induced bilaterally in dentate granule cells and CA3 pyramidal neurons in three of five rats at 4 h of MCA occlusion [Fig. 4, 4h(a) ].
DISCUSSION
A striking finding of this study is the induction of the lEGs and the hsp70 heat shock gene outside of the distribution of the MCA ischemia in the cortex, thalamus, hippocampus, and substantia nigra. It is likely that changes in the expression of the target genes and other genes with AP-l sites and CRE sites (for c-jun) would be mediated by induction of a variety of lEGs including those studied here. These data demonstrate that infarction can lead to changes in gene expression in regions remote from the infarction just as infarction can lead to changes in blood flow (diaschisis) in regions outside the in farction (Feeney and Baron, 1986) . Cortex. c-fos and junB were induced throughout all of the cortex, including the middle cerebral, an terior cerebral, and the posterior cerebral artery ter ritories in this study. Previous studies have demon strated that focal ischemia induces c-fos mRNA and fos protein throughout the cortex (U emura et aI. , 1991b; Gass et aI. , 1992; Welsh et aI. , 1992; An et aI. , 1993) . found that temporary focal ischemia induced c-fos, junB, and c-jun (but not junD) as described in the present study through out ipsilateral cortex including cingulate, piriform, and neocortex. In contrast to the present study, where lEG induction occurred by 1 h and persisted for 24 h, found that c-fos, c-jun, and junB peaked at 1 h and returned to baseline by 2 h after the ischemia. These differences in duration of lEG expression might be explained by the perma nent proximal MCA occlusion model used in the present study and the distal MCA and temporary carotid occlusions used by An et ai. (1993) .
The mechanism of diffuse cortical induction of c-fos, c-jun, and junB produced by the focal cere bral ischemia is likely due to spreading depression. Focal ischemia is known to induce repeated cortical depolarizations characteristic of spreading depres sion (Iijima et aI. , 1992; Nedergaard and Hansen, 1993) . The spreading depression produced by isch emia (Gill et aI. , 1992; Iijima et aI. , 1992) is blocked by N-methyl-D-aspartate receptor antagonists. Small cortical infarcts produced by removing a small region of pia and its vessels can also induce c-fos throughout the hemisphere (Herrera and Rob ertson, 1989) . MCA occlusions induce c-fos (Ue mura et aI. , 1991b) as well as fosB, c-jun, and junB in all of the cortex (An et aI., 1993). Prior adminis tration of N-methyl-D-aspartate antagonists pre vents induction of c-fos throughout the hemisphere following pial vessel occlusions (Herrera and Rob ertson, 1989) and following MCA occlusion (Ue mura et aI. , 1991b).
In some animals, c-fos and junB (Figs. 1 and 2) were induced in the cortex opposite to the MCA occlusion. Ginsberg et ai. (1977) have shown that glucose utilization decreases moderately in the cor tex contralateral to MCA occlusion. This phenom enon was ascribed to diaschisis. Though the mech anism of diaschisis is unknown, it is possible that corticocortical connections between the region of cortex infarcted by the MCA occlusion and inter connected regions of cortex in the ipsilateral and contralateral hemisphere could account for changes of blood flow and metabolism in noninfarcted cor tex. Such corticocortical connections could also ac count for changes in lEG expression in the hemi sphere contralateral to the MCA occlusion. How ever, since the changes of gene expression in the hemisphere contralateral to the MCA ischemia ap pear to occur throughout the entire cortex, it is pos sible that the spreading depression in the ischemic hemisphere affects neuronal activity in the contra lateral nonischemic hemisphere and thereby influ ences lEG expression in that entire hemisphere as well. This could account for global changes in gene expression and neural function following focal isch emic insults.
Thalamus. c-fos and junB but not c-jun were in duced in thalamus following the MCA occlusion. This differs from previous studies that found lEG induction primarily in cortex following focal isch emia (Uemura et aI., 1991b; Welsh et aI., 1992; An et aI. , 1993) . However, most of the previous focal ischemia studies used the distal MCA occlusion and carotid artery occlusion model that results in repro ducible infarction restricted to the cortex and can allow for reperfusion. The model of permanent MCA occlusion used here results in infarction of cortex and striatum.
The changes of gene expression in thalamus ob served in this study may therefore relate to the se verity and duration of the MCA occlusion� These changes may be related to the phenomenon of di aschisis used to describe changes of regional blood flow, glucose utilization, and neuronal function at sites remote from a focal infarction (Feeney and Baron, 1986) . Kataoka et ai. (1989) demonstrated decreased thalamic glucose utilization using the [ 14 C]2-deoxyglucose technique following focal cor tical infarctions. Decreases in thalamic glucose me tabolism persisted for as long as 72 h following MCA occlusion in the studies of Shiraishi et ai. (1989) , and following cortical ablations, thalamic hypometabolism is present by 5 h and persists for at least 5 weeks (Ciricillo et aI., 1993) .
The actual mechanism of c-fos and junB induc tion in thalamus following MCA occlusion in this study, however, is uncertain. It is notable that the induction of both genes is maximal around 4 h fol lowing MCA occlusion. c-jun, which has often been induced following axotomy (Leah et aI., 1991; Kois tinaho et aI., 1993) , does not appear to be induced at any time 4-24 h following MCA occlusion. It is also notable that the c-fos and junB induction occurs throughout all of the thalamus ipsilateral to the MCA occlusion, including the medial geniculate, lateral geniculate, and mediodorsal nuclei. The lat eral geniculate nucleus projects to occipital cortex, medial geniculate nucleus projects to temporal cor tex, anterior thalamic nuclei project to cingulate cortex, and the mediodorsal nuclei project to pre frontal cortex. The MCA occlusion model used here does not result in significant infarction of occipital, cingulate, or prefrontal cortex. Therefore, the in duction of c-fos and junB in thalamus occurs in nu clei that project to cortical regions that will not in farct as well as to cortical regions that do infarct. These results suggested that it is not possible that axotomy of thalamic neurons that project to cortex results in induction of IEG expression. It is possible that multiple episodes of cortical spreading depres sion and depolarizations produced by the focal ischemia result in activation of thalamus and induc tion of c-fos and junB throughout ipsilateral thala mus.
Basal ganglia. Following MCA occlusion, little or no mRNA was induced in the lateral caudate putamen for any of the genes examined in this study. The lateral striatum is the most ischemic re gion in the model used here. This appears to lead to greater impairment of blood flow in the lateral compared with medial lenticulostriate arteries. Since these are end arteries with few collaterals, the blood flow is lowest in lateral striatum (Naga sawa and Kogure, 1989) and energy depletion is likely greatest here. As proposed by Welsh et ai. (1992) , it is likely that the persistent low blood flow may limit ATP production to such a degree that mRNA cannot be synthesized. This would explain failure to synthesize mRNA for most genes in lat eral striatum following the MCA occlusion. The in duction of c-fos and junB in medial striatum could be the direct result of ischemia on the cells in this region fed by the medial lenticulostriate end arter ies. There was minimal induction of c-jun for un certain reasons.
A major finding of this study was the induction of c-fos and junB but not c-jun in the substantia nigra including pars reticulata (SNr) following MCA oc clusion. Following large MCA infarctions in ro dents, several studies have documented marked at rophy and loss of neurons in ipsilateral SNr (Tamura et aI., 1990; Saji and Volpe, 1993) that are proportional to the amount of striatal damage (Saji and Volpe, 1993) . The mechanism of death of SNr neurons could be disinhibition and resultant excito toxicity. MCA occlusion results in increased blood flow in SNr (Tamura et aI., 1981) and in chronic increases in SNr local cerebral glucose utilization that begin within hours and persist for at least 1 week (Tamura et aI., 1990) . Similarly, kainic acid lesions of striatum result in increased SNr glucose metabolism (Kelly et aI., 1982) . It is possible that these increases of SNr blood flow and metabolism are related to decreased inhibition of SNr by stria tum since -y-aminobutyric acid (GABA)-containing inhibitory neurons in striatum project directly to SNr (Graybiel, 1990; Gerfen et aI., 1991) . There fore, the neuronal degeneration of SNr may result because of excessive excitation due to loss of the inhibitory striatal GABAergic input (Nakayama et aI., 1987) . This is supported by studies (Saji and Reis, 1987) showing that SNr neuronal death pro duced by ibotenic lesions of striatum, which would decrease GABAergic input to SNr, could be pre vented by the GABAergic agonist muscimoi.
This accumulated evidence suggests that MCA occlusion leads to decreased GABAergic input to SNr and to increased blood flow, metabolism, and neuronal activity in substantia nigra neurons, lead ing eventually to their death (Saji and Reis, 1987) . This increased activity and resultant increased cal cium flux into the cells could induce c-fos and junB.
Hippocampus. One surprising result of this study was that MCA occlusion induced c-fos in ipsilateral dentate and hippocampal pyramidal neurons, junB bilaterally in the same neurons, and c-jun bilaterally in dentate.
Previous studies have also indicated that focal MCA ischemia can produce various changes in hip pocampus. MCA occlusion decreases hippocampal glucose metabolism for at least 24 h following the infarction (Shiraishi et aI., 1989) . Bilateral induction of c-fos in dentate and hippocampus has been noted following hypoxia combined with carotid occlusion in newborn rats (Blumenfeld et aI., 1992) . c-fos and junB mRNAs were induced in hippocampus ipsilat-eral to MCA occlusion in the study by An et aI. (1993) . Welsh et aI. (1992) also detected bilateral induction of c-fos and hsp70 mRNAs in dentate and hippocampal neurons following MCA occlusions.
The mechanisms that account for the changes of lEG expression, blood flow, and glucose metabo lism in hippocampus following MCA occlusion are not dear. MCA occlusion is not thought to result in cell death in hippocampus in most models. How ever, hippocampus does receive direct inputs from piriform and entorhinal cortex. Ischemic induction of cortical spreading depression and release of glu tamate may lead to activation of cortical afferents to hippocampus, which could induce IEGs, particu larly c-fos and junB, in hippocampal neurons.
Regulation of lEG expression. Gass et aI. (1992) reported that focal ischemia induced c-fos, fosB, c-jun, and junB throughout cortex following focal cortical infarctions produced by xenon light. An et aI. (1993) confirmed that focal ischemia also in duced these genes and further showed that AP-1 activity was induced, confirming the presence of functional fos-jun dimers with AP-1 activity. The prolonged induction of c-jun is consistent with pre vious studies showing transient expression of c-fos and junB but prolonged expression of c-jun follow ing seizures and ischemia (Simonato et aI., 1991; Gass et aI., 1992) . c-jun appeared to be induced primarily in cortex, whereas c-fos and junB ap peared to be induced in similar regions outside the area of focal ischemia with similar time courses. This suggests that the known calcium/cyclic AMP and serum response elements in the promoter of the c-fos gene (Bading et aI., 1993) might be similar or at least analogous to the regulatory elements in the junB gene (Kitabayashi et aI., 1993) .
This study contributes to a growing literature showing that each IEG is regulated independently via different elements in its promoters (Lamph et aI., 1988; Bartel et aI., 1989; Guis et aI. , 1990; Wisden et aI., 1990; Morgan and Curran, 1991; Simonato et aI., 1991; Gass et aI., 1992; Deng and Karin, 1993) . Though c-jun, junB, and junD can all form heterodimers with c-fos, this does not al ways occur. For example, focal ischemia does not appear to induce junD (An et aI., 1993) . In addition, focal ischemia induces c-jun only in cortex and den tate granule cells in this model. junB is induced in cortex as well as many other structures following focal ischemia. Recent data show that in the ab sence of c-fos, junB would act as a repressor of AP-1 activity by attenuating trans-activation by c-jun, whereas in the presence of c-fos, the prefer ential formation of junB/c-fos heterodimers would contribute to AP-1 activity and induction of genes J Cereb Blood Flow Metab, Vol. 14, No.5, 1994 with AP-1 sites in their promoters (Deng and Karin, 1993) .
hsp70 induction
Many studies have documented induction of hsp70 following global and focal ischemia (Vass et aI., 1988; Gonzalez et aI., 1989; Nowak, 1991; Sharp et aI. , 1991a; Kawagoe et aI. , 1992; Li et aI., 1992; Welsh et aI., 1992; Kinouchi et aI. , 1993a,b) . The patterns of hsp70 induction in cortex and stri atum are quite similar to those described in other permanent and temporary focal ischemia models. There is little induction of hsp70 mRNA in the core of the infarct in cortex or striatum (Fig. 4) . Recent studies from our laboratory also show that hsp70 mRNA is synthesized in neurons within an infarct, but hsp70 protein may not be; whereas hsp70 mRNA and hsp70 protein can be synthesized in neurons outside an infarct in the "penumbra" (Ki nouchi et aI., 1993b).
A major difference between this and previous studies is the induction of hsp70 in thalamus, sub stantia nigra, and bilaterally in dentate granule cells and hippocampal pyramidal neurons following per manent MCA occlusions. Since the current model does not allow for reflow and results in large corti cal and striatal infarctions, this could account for the hsp70 induction in subcortical structures in the present study.
Since hsp70 and other heat shock genes are be lieved to be induced by heat shock factors that are in some way activated by denatured proteins within cells (Anathan et aI., 1986; Pelham, 1986) , hsp70 induction can be considered an index of cell stress or injury. It is quite clear, however, that large amounts of hsp70 protein can be induced in many neurons in the brain by such drugs as phencyclidine that do not result in cell death (Sharp et aI., 1992) . Moreover, hsp70 can be induced in neurons follow ing ischemia and other injuries that will go on to die (Simon et aI., 1991) .
Therefore, induction of hsp70 is proposed to rep resent some degree of injury that might or might not be lethal. It is highly likely that the hsp70 induction in thalamus following MCA occlusion is occurring in thalamic neurons that will go on to die following the cortical infarction. The hsp70 induction in SNr neurons following MCA occlusion is also likely oc curring in neurons that go on to die because they are overexcited following striatal infarction. The induc tion of hsp70 in hippocampus is unexpla i ned, but could be due to continuous overexcitation from cor tical afferents. Whether there is hippocampal neu ronal injury or cell death in this MCA occlusion model is unknown.
